INTRODUCTION
Insects are poikilothermal, so their body temperature generally follows that of their environment, provided this temperature is within the normal range of tolerance for each particular species (1) . Insect temperature therefore declines linearly as the environmental temperature steadily cools, until the spontaneous nucleation of ice in the hemolymph occurs. At this nucleation temperature, water freezes (2) , causing the insect temperature to rise ( Figure 1 ). This marked change in temperature-the exotherm-is caused by the release of latent heat, which occurs as water changes from a liquid to a solid. As freezing continues, the amount of liquid water decreases, and the concentration of dissolved salts in the hemolymph increases. The insect temperature then returns to that of the environment as all the available water becomes frozen or the solute concentration is too high to permit further freezing ( Figure 1 ; Reference 2).
Insects can survive subzero temperatures by two main strategies: freeze tolerance (by which insects can withstand the formation of internal ice) and freeze avoidance (by which insects retain a fluid hemolymph and die upon freezing) (3) . Freeze-tolerant species typically promote extracellular ice formation at relatively high subzero temperatures by synthesizing nucleating agents in the hemolymph (4, 5) . In this survival strategy, the lower lethal temperature is below that of the supercooling point (SCP). Freeze-avoiding insects prevent lethal intracellular ice formation by an extended ability to supercool and by the masking or absence of ice nucleating agents (3) (4) (5) . For freeze-avoiding insects, the SCP corresponds to the lower lethal temperature.
Differential scanning calorimetry (DSC), temperaturecontrolled cooling apparatus, thermocouples, and computercontrolled chart recording equipment have been extensively used to investigate the physiological limits of insects to low temperatures (6) (7) (8) . While this research has yielded valuable information, the experimental setups require insects to be stationary, which precludes behavioral data. It has also highlighted that assessing an organism's ability to survive a harsh environment depends on the whole organism's response to this environment, not merely on various aspects of its physiology.
Here we examine infrared video thermography (IVT), a technique newly applied to the study of the nature of cold adaptation in an alpine insect. IVT technology expands such investigations to include a new class of data. The technique is noninvasive and not only provides a large amount of information on the physiological responses of study species to controlled rates of temperature reduction but, importantly, also permits observation of the simultaneous behavioral response to these temperature reductions, greatly improving the understanding of the organism's overall response. This is achievable because the animal does not need to be kept in a fixed position during recordings. IVT has already been used to observe freeze-thaw kinetics in alpine plants (2, 9) and to observe thermoregulation in honeybees (10) .
MATERIALS AND METHODS
Thirteen adult male scorpionflies (Apteropanorpa sp.) were collected from alpine heath on Mount Mawson, Tasmania. The experimental setup was similar to that already described (9), except we used a ThermaCAM™ SC2000 infrared (IR) video camera (FLIR Systems, Danderyd, Sweden). This applies microbolometer technology to calculate the object temperature from the radiation it detects.
For any object, radiation is a function of surface temperature and surface emissivity, so that an object of a given temperature will emit electromagnetic radiation of a certain intensity and spectral distribution. The IR camera is sensitive to IR radiation with wavelengths between 7.5 and 13.0 µm. It measures the radiation intensity and then calculates and displays the object temperature in a false-color image. For example, an insect exotherm will be displayed by the camera as a sudden color change corresponding to the change in temperature.
In this experiment, the camera was fitted to an insulated box functioning as a cooling chamber, consisting of a 6-cm thick styrofoam inner wall and a 1-cm wooden outer wall. The inner wall was lined with copper tubing through which coolant flowed. Coolant also flowed through a flat, disk-shaped aluminum radiator at the bottom of the chamber. The camera was mounted at the top of the chamber using a metal bracket for support, and the camera's lens fitted through a 7-cm hole in the chamber's roof. Nylon rigging spanned the chamber's width, 6.5 cm above the radiator and 15 cm below the camera lens. The temperature inside the chamber was controlled using a heating/cooling circulator (JULABO FP45-SP; JU-LABO Labortechnik GmbH Seelbach, Germany).
A small, rectangular aluminum cup (4 × 4 × 3 cm high) was used to contain each insect during the experiment. A 1.5-cm square section of the bottom of the cup was cut out, allowing the insertion of two thermocouples to record air and ground temperatures. A small piece of high-density foam was stuck underneath the cup to close the 1.5-cm hole. This is visible as a dark square in the center of the cup shown ( Figure 2 ). Strands of hair were stretched tightly across the cup's edges at the top and secured on the outer sides with tape to deter insects from escaping. Lumen diameter of the mesh varied from 1-3 mm. The cup was then secured to the nylon rigging BIOIMAGING inside the cooling chamber with tape.
Emissivity is the intensity of radiation emitted by an object compared to a blackbody, which is assigned the value of 1. To ensure accurate calculation of temperature, insect emissivity was determined by simultaneously measuring the external body temperature of a dead scorpionfly during cooling from 3° to -10°C using a thermocouple and the IR camera. The insect emissivity value indicated by the camera was adjusted until the thermocouple and camera temperatures were identical. A value of 0.95 was used in camera calculations of surface temperature. The significant emissivity difference between the insect and aluminum allowed a high contrast between the subject and the background.
Each insect was cooled from 3° to -10°C, at a rate of 0.3°C/min. Images were acquired every 5 s on a computer using a PCMCIA card Interface 500 (FLIR Systems). Once insects had reached -10°C, they were immediately reheated at the same rate to 5°C to determine the hemolymph melting point.
All recordings were transferred to a Microsoft ® Excel ® file. Using the image analysis software ThermaCAM Researcher 2000 (FLIR Systems), video images were examined to determine insect body temperature and the simultaneous behavioral response of each insect. Because the insect moves between recordings, its temperature must be obtained by moving the cursor to the same position on the body for each image. Insect temperatures were obtained from the middorsal surface of the abdomen because the abdomen has the largest surface area and is the easiest part of the body to see in the false-color image.
RESULTS AND DISCUSSION
None of the insects survived cooling to -10°C. Table 1 summarizes the range of data obtained using the IR camera, showing the physiological and behavioral responses of 13 adult scorpionflies to a cooling rate of 0.3°C/min as well as geometric measurements such as body length. Figure 1 shows the simultaneous behavioral and physiological responses of one adult to the same cooling rate. Figure 2 shows examples of IR images obtained by the ThermaCAM SC2000 camera. These were recorded at 5-s intervals spanning 15 s, covering the period on either side of the SCP. Also shown in Figure 2 is the color change that signified the initiation and propagation of the exotherm ( Figure  2B , arrowhead).
Several types of physiological data can be obtained using IVT, such as SCP temperatures of whole animals and melting points of body fluids ( Table 1 ). The SCP varied from -2.8° to -10.3°C between individuals, although the median value (-4.5°C) was relatively high. Such variation in SCP data obtained in this experiment is most likely due to intraspecific variation in fitness between individuals. Although some gain of heat in insects can be achieved by metabolic activities including muscle contraction (1), which could delay the onset of freezing, the amount of heat generated by insects the size of Apteropanorpa is probably insignificant. Physical aspects of the freezing process, such as the duration of elevated temperature associated with freezing (i.e., the speed of ice formation within different tissues of the insect body) also varied considerably at this cooling rate, from 3.20 to 12.00 min.
Examination of the video images showed that almost all adults were walking at the SCP, indicating that mortality due to chilling prior to freezing is not common in males of this species. Such information will not be evident in experiments in which insects must be kept stationary, for example, when using thermocouples and DSC. When coupled with ecological and physiological data, cold temperature-induced behavioral responses can be considered strong evidence for assessing whether a species is freeze-tolerant or if it employs a freeze-avoidance strategy. .) to a cooling rate of 0.3°C/min. Between 3° and -2°C, the insect temperature declined at the same rate as the air. This temperature range was apparently within the normal range of tolerance for this individual, based on the high frequency and narrow amplitude of the peaks on the graph. At -2.5°C, the peaks suddenly become much further apart and possess much greater amplitude as the insect struggles to maintain a body temperature above that of the air. Analysis of infrared (IR) images showed that fast walking commenced when the insect reached -5°C. This response continued down to -7.8°C, at which point nucleation was initiated, from which the insect did not recover. This supercooling point is shown as an exotherm (see text for details). After this sudden initial rise in temperature, the insect temperature then returns to that of the environment as all the available water becomes frozen or the hemolymph solute concentration is too high to permit further freezing. SCP; supercooling point.
BIOIMAGING
Although behavioral responses are easily observed in video images, they can be difficult to quantify. In this experiment, we assessed the type of movement and distance moved by adults over each 5-s interval, using the geometric measurement function in the software. Body lengths were also measured using this function ( Table 1) . The analysis showed a division of distance moved into two classes: slow walking was the category applied to movement of <3 cm/5 s, and fast walking was applied to movement at ≥3 cm/5 s. Although this is a somewhat arbitrary distinction at walking speeds of approximately 3 cm/5 s, there was an observable difference between apparent temperature tolerance (slow walking) and stress behavior (fast walking). The temperature at which stress behavior began was variable (this was expected based on SCP data) and ranged from -0.8° to -3.9°C (median -2.6°C) ( Table 1 ). The fastest observed walking speed was 4-5 cm/5 s. Uncoordinated walking was exhibited if the insect fell over, dragged any of its legs or antennae while walking, or if the insect did not show control of one or more of its appendages while it attempted to move forward. Responses such as uncoordinated walking and falling over are a clear sign of stress, however, in most adults in this experiment, such behavior was observed only during the exotherm.
The position of ice nucleation in the body is clearly visible in the video images as a rapid color change as a result of the exotherm ( Figure 2B, arrowhead) . The direction of propagation is also visible, provided that the frequency of recordings is sufficiently small: if intervals are of several seconds, such data may be missed. In all insects in which the initiation of freezing was observable (n = 8), ice nucleation began in the abdomen.
We used IVT to investigate the response of an alpine insect to a constant rate of cooling temperature, demonstrating for the first time how behavioral data can be obtained in such investigations. The technology could also be used in investigations of responses of highly freeze-tolerant species to find out if their behavior changes as they approach their SCP. The technique could be further applied to investigations of upper lethal temperatures in animals; either by steadily warming the animal in a similar manner to that shown above for cooling or by maintaining the animal at a constant warm temperature and recording its responses.
In conclusion, IVT is a simple but powerful tool for simultaneously assessing behavioral and physiological responses of insects to temperature stress and has particular application to noninvasive investigations of cold adaptation. Assessments of SCPs and lower lethal temperatures obtained in this way are more biologically meaningful because IVT allows unhindered movement of insects, which more closely resembles natural environments.
